Although it belongs to the order Carnivora, the giant panda is a vegetarian with 99% of its diet being bamboo. The draft genome sequence of the giant panda shows that its umami taste receptor gene Tas1r1 is a pseudogene, prompting the proposal that the loss of the umami perception explains why the giant panda is herbivorous. To test this hypothesis, we sequenced all six exons of Tas1r1 in another individual of the giant panda and five other carnivores. We found that the open reading frame (ORF) of Tas1r1 is intact in all these carnivores except the giant panda. The rate ratio (x) of nonsynonymous to synonymous substitutions in Tas1r1 is significantly higher for the giant panda lineage than for other carnivore lineages. Based on the x change and the observed number of ORF-disrupting substitutions, we estimated that the functional constraint on the giant panda Tas1r1 was relaxed ;4.2 Ma, with its 95% confidence interval between 1.3 and 10 Ma. Our estimate matches the approximate date of the giant panda's dietary switch inferred from fossil records. It is probable that the giant panda's decreased reliance on meat resulted in the dispensability of the umami taste, leading to Tas1r1 pseudogenization, which in turn reinforced its herbivorous life style because of the diminished attraction of returning to meat eating in the absence of Tas1r1. Nonetheless, additional factors are likely involved because herbivores such as cow and horse still retain an intact Tas1r1.
The giant panda Ailuropoda melanoleuca is an endangered species distributed in a few mountain ranges in central China. Its phylogenetic position was a long-standing puzzle; it had been assigned to Ursidae (bears), Procyonidae (raccoons), Ailuridae (red panda), and its own family Ailuropodidae based on different morphological characteristics (Bininda-Emonds 2004) before being conclusively classified into the bear family by overwhelming molecular evidence (O'Brien et al. 1985; Goldman et al. 1989; Yu et al. 2004; Arnason et al. 2007; Krause et al. 2008) . The giant panda has been of interest to evolutionists because of several of its unusual traits such as the much reduced fecundity and the enlarged radial sesamoid that functions as a thumb. Most notably, in contrast to all other bears, the giant panda is herbivorous, with 99% of its diet being bamboo; the remaining 1% includes honey, eggs, fish, yams, shrub leaves, oranges, and bananas when available (Schaller et al. 1985; Schaller et al. 1989) . Multiple lines of evidence support that the giant panda descended from a carnivorous ancestor. For example, the distribution, structure, and morphology of the lingual papillae in the giant panda are more similar to those of carnivores than herbivores (Pastor et al. 2008) . The giant panda also has powerful jaws and teeth that are capable of tearing meat (Bininda-Emonds 2004) , a carnivore-like digestive system (Li et al. 2010) , and all the genetic components of a digestive system that carnivores possess (Bininda-Emonds 2004; Li et al. 2010) . The fossil record provides key information about the timing of the giant panda's dietary switch. Dental remains of ancient pandas recovered from Yunnan, south China, exhibit a crushing dentition for bamboo eating, indicating that the giant panda already started eating bamboo at least 7 Ma (Jin et al. 2007 ). The premolar and molar teeth from a recently unearthed 2.0-2.4 MY old skull show a great resemblance to the living giant panda, suggesting that the giant panda had completed its dietary transition by that time (Jin et al. 2007 ). However, the molecular basis and consequences of the giant panda's dietary switch have been elusive.
Recently, it was discovered from the draft genome sequence of the giant panda that its Tas1r1 gene is inactivated due to two frame-shifting mutations in exon 3 and exon 6, respectively (Li et al. 2010) . Tas1r1 belongs to the vertebrate Tas1r family that consists of three members in most species (Shi and Zhang 2006) : Tas1r1 and Tas1r3 form a heterodimer that functions as the G-protein coupled receptor mediating the umami taste, the taste of glutamic acid and other amino acids, whereas Tas1r2 and Tas1r3 form a heterodimeric sweet receptor (Nelson et al. 2001; Nelson et al. 2002; Zhao et al. 2003) . Because amino acids are much rarer in bamboo than in animal tissues (Kozukue et al. 1983) , it was suggested that the pseudogenization of Tas1r1 explains why the giant panda does not eat meat (Li et al. 2010) . Because Tas1r1 is intact in dog, Li et al. (2010) inferred that the pseudogenization of the giant panda Tas1r1 occurred after the giant panda diverged from the dog lineage ;61 Ma. The lack of a precise date of the pseuodgenization event hinders a critical evaluation of the relationship between the Tas1r1 pseudogenization and the giant panda's dietary switch. By examining additional carnivores, we here show that the Tas1r1 pseudogenization not only is specific to the giant panda but also occurred approximately when the giant panda changed its diet.
We first sequenced all six coding exons of Tas1r1, totaling ;2.5 kb, from a giant panda individual not used in the genome sequencing. We confirmed the previously reported 2-bp insertion in exon 3 and the 4-bp deletion in exon 6; these indels create multiple premature stop codons such that the resultant Tas1r1 lacks any of its seven transmembrane domains and is nonfunctional. The observation of these indels in the homozygous state in two unrelated giant pandas suggests that the null allele is likely fixed in the giant panda. In addition, we identified a 6-bp deletion in a region of exon 6 that is not covered in the draft genome sequence. The two alleles of Tas1r1 from the giant panda we sequenced differ at one nonsynonymous site (supplementary fig. S1 , Supplementary Material online). Our two allelic Tas1r1 coding sequences differ from the genome sequence at 9 (five synonymous þ four nonsynonymous) and 10 (five synonymous þ five nonsynonymous) sites, respectively (supplementary fig. S1 , Supplementary Material online). These differences may be due to sequencing errors in the genome sequence, although the possibility of polymorphism cannot be excluded.
We also sequenced all coding exons of Tas1r1 from the polar bear Ursus maritimus, dog Canis familiaris, wolf Chrysocyon brachyurus, fox Vulpes lagopus, and cat Felis catus ( fig. 1 ). In each of these five carnivores, we found Tas1r1 to be intact. Because the giant panda is the sister species to all other bears (O'Brien et al. 1985; Goldman et al. 1989; Yu et al. 2004; Arnason et al. 2007; Krause et al. 2008) , our results indicate that the pseudogenization of Tas1r1 postdated the separation of the giant panda from all other bears ( fig. 1 ), which has been dated to ;19 Ma based on mitochondrial genome sequences, multiple nuclear genes, and multiple fossil calibrations (Krause et al. 2008; Eizirik et al. 2010) .
To analyze the selective constraint on Tas1r1, we estimated the rate ratio (x) of nonsynonymous to synonymous substitutions using PAML (Yang 2007) . We aligned the Tas1r1 sequences from the six carnivores and removed the codons where indels are found. We then compared a series of evolutionary models in the likelihood framework, using the species tree shown in figure 1. We found that the average x across the tree is 0.162, which is significantly lower than 1 (P , 10 À50 ; Table 1 ), indicative of a generally strong purifying selection on Tas1r1 in carnivore evolution. Consistent with the fact that Tas1r1 became pseudogenized in the giant panda branch, a two-ratio model that allows a difference in x between the giant panda branch (x 5 0.392) and all other branches (x 5 0.150) fits the data significantly better than a one-ratio model that assumes a single x for all branches (P 5 0.03; table 1). Interestingly, a more general model that allows the variation of x across all branches does not fit significantly better than the above two-ratio model (P 5 0.37; table 1), suggesting that x does not vary significantly among the nonpanda branches. We further found that the x for the giant panda branch in the two-ratio model is significantly lower than 1 (P 5 0.05; table 1), suggesting that the relaxation of the functional constraint on Tas1r1 did not happen immediately after the giant panda diverged from other bears but rather more recently.
To estimate when the functional constraint on the giant panda Tas1r1 became relaxed, we assume a simple scenario in which a normal level of constraint as observed in other carnivores was suddenly and completely relaxed t Ma. Using the information of the rate of nucleotide substitution,
FIG. 1.
A species tree of the carnivores studied in this work. Branch lengths are not drawn to scale except for the giant panda branch. Dates indicated by blue arrows are inferred from fossil records, whereas dates indicated with the purple arrow and dash lines are inferred from the molecular genetic evidence of this study. Zhao et al. · doi:10.1093/molbev/msq153 MBE especially the x increase in the giant panda, we estimated a posterior probability distribution of t ( fig. 2A ; see Materials and Methods). Using the information that exactly two open reading frame (ORF)-disrupting substitutions are observed in the giant panda Tas1r1, we estimated another posterior probability distribution of t ( fig. 2B ; see Materials and Methods). Because these two distributions were estimated using independent information, we combined them to obtain the final posterior probability distribution of t ( fig. 2C ; see Materials and Methods). In this final distribution, t has a mode of 4.15, a median of 4.25, a mean of 4.59, and a 95% confidence interval of (1.25, 9.95) Ma. If the relaxation of the functional constraint was gradual rather than abrupt as assumed here, the starting date of the gradual relaxation is likely earlier than the above estimate.
Because the fossil data suggested that the giant panda had started eating bamboo by 7 Ma and had completed this dietary change by 2 Ma, the functional relaxation of Tas1r1 began approximately when the dietary switch of the giant panda occurred ( fig. 1 ). This concurrence provides additional support to the hypothesis that the loss of Tas1r1 is related to the giant panda's herbivorous feeding behavior (Li et al. 2010) . Furthermore, Tas1r1 is functional in all other mammals examined (Shi and Zhang 2006) , suggesting that its pseudogenization in the giant panda must be due to a relatively recent change unique to the giant panda; the dietary switch to bamboo appears to be the only plausible reason. Nonetheless, our molecular dating has a relatively wide 95% confidence interval, making it difficult to discern whether the functional relaxation of Tas1r1 started prior to, during, or after the giant panda's dietary switch. It is possible that ancient giant pandas started to change their diet to bamboo due to meat scarcity. Their less reliance on meat may have rendered the umami taste less important, leading to the pseudogenization of Tas1r1. The gene loss may have in turn reduced the attraction of returning to meat eating because of the lack of the umami perception. An alternative scenario is that the giant panda lost Tas1r1 prior to its change of diet, due to genetic drift in a small population. This scenario appears much less likely because, although the giant panda is endangered today, it may not have had a particularly small population in its evolutionary history. In fact, the nucleotide diversity of the giant panda is about twice that of humans and there is no apparent upsurge in the rate of gene loss in the giant panda compared that in other mammals (Li et al. 2010) . It is worth noting that zebrafish Tas1r2/3 heterodimer detects amino acids rather than sugars in a heterologous expression system (Oike et al. 2007) . If a similar situation happens to the giant panda, the pseudogenization of the giant panda Tas1r1 might be unrelated to the dietary switch. However, this scenario is exceedingly improbable, given the clear functional distinction between Tas1r1 and Tas1r2 in mammals (Chandrashekar et al. 2006) .
The pseudogenization of the giant panda Tas1r1 prompted us to examine it in the draft genome sequences of two other herbivorous mammals: the cow Bos taurus and horse Equus caballus. Interestingly, Tas1r1 is intact in both species. Although x is somewhat high in the horse (0.375), it appears normal in the cow (0.206) compared with other FIG. 2. Posterior probability distributions of the time at which the functional constraint on the giant panda Tas1r1 was completely relaxed, based on the observations from (A) the rate of nucleotide substitutions, (B) the number of ORF-disrupting substitutions, and (C) both. Dating the Loss of the Giant Panda Tas1r1 · doi:10.1093/molbev/msq153 MBE mammals. Thus, even though the loss of Tas1r1 in the giant panda may be related to its dietary switch to bamboo, additional factors must be involved. This observation echoes previous observations of the lack of a consistent correlation between the evolutionary patterns of sensory genes and sensory ecologies across lineages (Li et al. 2005; Young et al. 2010; Zhao et al. 2010) , suggesting that our current understanding of the physiological roles of various sensory systems is still limited.
Materials and Methods
We used the complete coding sequence of the dog Tas1r1 (GenBank accession no. XM_546753) as the query to BLAT search the dog genome assembly (7.6Â coverage) available at the University of California-San Cruz (http://genome.ucsc .edu/); the exon-intron junctions were determined by comparing the genomic sequence with the cDNA sequence using SPIDEY (http://www.ncbi.nlm.nih.gov). Using the dog Tas1r1 sequence as the query, we BlastN-searched the giant panda genome assembly (http://panda.genomics.org.cn). Based on the alignment of the dog and giant panda sequences, we designed 10 pairs of primers to amplify and sequence all 6 exons of Tas1r1 from the giant panda, polar bear, dog, wolf, fox, and cat. Polymerase chain reactions (PCRs) were performed with Go-Taq DNA polymerase (Promega) following the manufacturer's instructions. The PCR products were purified and sequenced by the Sanger method in both directions. The GenBank accession numbers of the newly determined sequences are HM468447-HM468452. We used the DNA sequences thus obtained in the following analysis. When allelic variations exist in an individual that we sequenced (giant panda, dog, and cat), we used the allelic sequence that is more similar to the available genome sequence. We used two methods to estimate the time when the functional constraint on Tas1r1 was relaxed. In the first method, we used the information of nucleotide substitution rates. On the basis of our observations (see main text), we assume that the nonsynonymous/ synonymous substitution rate ratio prior to the functional relaxation was constant among the carnivores examined but became 1 at t Ma in the giant panda. Let the total number of nonsynonymous substitutions per site for the giant panda branch (red branch in fig. 1 ) be d R . Then
where T 5 19 MY is the time since the divergence between the giant panda and the polar bear, x is the nonsynonymous/ synonymous substitution rate ratio prior to the functional relaxation, and v is the nonsynonymous substitution rate per nonsynonymous site per MY before the functional relaxation. Equation 1 can be rewritten as
We can estimate x for the black and green branches in figure 1 using PAML and estimate v by d BG /t#, where d BG is the total number of nonsynonymous substitutions per site for black and green branches of the tree and t# is the total evolutionary time that these branches represent. Thus,
We can estimate t#/T by the total number of synonymous and nonsynonymous substitutions on the black and green branches (D BG ) divided by that on the green branch (D G ). In other words, we estimated t by
By bootstrapping the codons of Tas1r1 10 4 times, we estimated the frequency distribution of t. We considered a t value to be valid when it is between 0 and 19 and subsequently derived a posterior distribution of t, or P 1 (tjData 1) ( fig. 2A) , where Data 1 refers to the point substitutions in Tas1r1 used here.
In the second method, we estimated t by considering the fact that exactly two ORF-disrupting substitutions are found in the giant panda Tas1r1. Modifying the program PSEUDOGENE (Zhang and Webb 2003) , we estimated the waiting times for two (t 2 ) and three (t 3 ) ORF-disrupting substitutions in Tas1r1, respectively. The actual time since the functional relaxation should be between t 2 and t 3 . The PSEUDOGENE program requires the input of point and indel mutation rates. The genomic analysis showed that the point mutation rate in the giant panda is 1.3 Â 10 À9 per site per year (Li et al. 2010) . Because this point mutation rate is almost identical to that in Old World primates (Yi et al. 2002) , it is likely that the indel mutation rates of the two groups of organisms are also similar. We thus used the panda point mutation rate and the Old World monkey indel mutation rate (1.0 Â 10 À10 per site per year) (Podlaha and Zhang 2003) in the analysis. Using the polar bear Tas1r1 sequence as the input sequence, we simulated the pseudogenization process and acquired 10 4 pairs of t 2 and t 3 . We thus obtained another posterior probability distribution for the starting time of the functional relaxation or P 2 (tjData 2) ( fig. 2B ), where Data 2 refers to the observation of two ORF-disrupting substitutions. Because Data 1 and Data 2 are independent from each other, it can be shown that P(tjData 1 and 2) 5 P 1 (tjData 1) Â P 2 (tjData 1)/P(t), where P(t) is the prior distribution of t and is assumed to be uniform within (0, 19). We thus calculated P 1 (tjData 1) Â P 2 (tjData 2) and then rescaled the distribution such that the total probability over (0, 19) MY is 1 (fig. 2C ).
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